To improve safety and specificity of oncolytic adenoviruses, we introduced T-cell receptors (TCR) specific for a unique class of truly tumor-specific antigens into the adenoviral fiber protein.
Introduction
A prerequisite for the safe and effective application of therapies that are based on antigen-driven tumor eradication is the nature of the target antigen, which has to be truly tumor specific. Studying tumor cell eradication by CTL immunologists identified such tumor-specific antigens that were targets for CTL while leaving healthy tissue intact (1, 2) . Tumor cells may express a group of antigens termed ''cancer-testis antigens'' that are presented as antigenic peptides by MHC molecules to CTL (3) . In fact, cancertestis antigens are immunogenic in cancer patients as they may elicit an anticancer response (4-6). They exhibit highly tissuerestricted expression and are considered promising target molecules for immunotherapies. To date, 44 cancer-testis antigen gene families have been identified and their expression has been studied in numerous cancer types (7) . For example, bladder cancer, nonsmall lung cancer, and melanoma are high cancer-testis antigen gene expressers, with 55%, 51%, and 53% of the cancer-testis antigen transcripts examined by reverse transcription-PCR detected in 20% or more of the specimens examined, respectively. With the exception of testis-restricted cancer-testis antigen transcripts, all remaining cancer-testis antigen transcripts were expressed in normal pancreas. Other antigens that were shown to elicit potent antitumor responses in cancer patients include differentiation antigens, such as the melanoma antigens gp100, Mart-1, and tyrosinase, or antigens that are overexpressed on tumor cells, such as p53, Her-2/neu, and WT-1 (7, 8) . Both groups of antigens are also expressed in healthy tissue and may therefore elicit autoimmune disease when targeted.
Oncolytic adenoviral vectors hold great promise for cancer gene therapy because they potently eradicate tumor cells (9) . Therefore, efforts are currently invested in improving replication-competent adenoviruses with respect to safety and specificity to fulfill criteria for clinical application (10) . Among several strategies, genetic modification of the adenoviral fiber, which is responsible for cell binding, may result in a logical and preferable site to carry structures that specifically bind to target antigens of choice, thereby changing viral tropism.
Application of adenoviruses in a tumor cell-specific fashion is highly hampered because the natural cellular receptor of adenovirus is widely expressed on normal tissues and, on the other hand, often reported to be down-regulated or even absent on tumor cells (11) . To address this issue, one needs strategies to alter the tropism of adenoviral vectors and retarget them against tumorspecific antigens.
Recent developments to change the natural tropism of adenoviral vectors into tumor-specific recognition are based on the genetic engineering of capsid proteins, such as pIX (12, 13) , hexon, and fiber (14) (15) (16) (17) (18) (19) .
Genetic modification of the fiber protein has been achieved either through exchange of the Ad5 fiber knob with the Ad3 knob (20, 21) , knob mutagenesis (22, 23) , or incorporation of small ligands into the knob domain (21, 24) . However, it should be noted that an effective and safe retargeting strategy should include complete ablation of the natural tropism, which is not guaranteed by the above-mentioned modifications, and preferably include deletion of the fiber knob. This can be accomplished by replacing the fiber knob by new antigen-binding structures and an extrinsic trimerization signal (18, 21) . Antibody or T-cell receptor (TCR) fragments [e.g., single-chain Fv (scFv) and single-chain TCR (scTCR)] mediate tumor cell recognition and are able to redirect T cells (25) and viruses (26) and, as such, are candidate structures to genetically redirect adenoviruses to tumor cells. Previous attempts to produce adenoviruses with fibers that include scFv have failed, most likely as a consequence of improper folding of the chimeric fiber in the cellular cytoplasm (18) .
Here, we show that an oncolytic adenovirus bearing chimeric fibers, comprising an extrinsic trimerization signal and scTCR with HLA-A1-restricted MAGE-A1 specificity, can be produced. To this end, we generated a novel producer cell line expressing an antihexon receptor, which was needed to initiate production of virus that specifically infects HLA-A1/MAGE-A1 + melanoma cells but not MAGE-A1
À or HLA-A1 À target cells. The presented strategy to produce genetically retargeted oncolytic adenoviruses holds great promise to develop clinically applicable anticancer agents.
Materials and Methods

Cells and Antibodies
Target cell lines used in this study are the melanoma cell line MZ2-mel 3.0, MZ2-mel 2.2, and MEL.2A (kindly provided by T. Boon and P. Coulie, Ludwig Institute for Cancer Research, Brussels, Belgium). The melanoma cell line 9303-A, 518-A1, and FM-3; the renal cell carcinoma cell line Nemeth (kindly provided by Dr. E. Oosterwijk, University Medical Center Nijmegen, Nijmegen, the Netherlands); and the human embryonic kidney cell line 293T and its derivative 293T-AdR ( further described in the Results section) were grown in DMEM (Life Technologies) supplemented with 10% fetal bovine serum (FBS; Hyclone). HLA-A1/MAGE-A1 and coxsackie-adenovirus receptor (CAR) expression status of the target cell lines is further described in Table 1 (see Results) .
Antibodies used in this study were against fiber tail (4D2.5; NeoMarkers), hexon (clone BOD604, FITC conjugated; Biodesign), rabbit polyclonal anti-Ad5 (Abcam), TCR Va12.1 (FITC or nonconjugated; Endogen), CAR (USBiological), and c-Myc (9E10, FITC conjugated; Convance). FITCconjugated rabbit anti-mouse IgG Fab fragment (Jackson ImmunoResearch) or horseradish peroxidase-conjugated goat anti-rabbit IgG (Becton Dickinson Biosciences) was used as secondary antibodies.
Infectivity Assay with Fiberless Virus
293T and 293T-AdR cells were transfected with a fiberless pAdeasy-EGFP construct (a kind gift of Wim Jongmans, University Medical Center, Nijmegen, the Netherlands) using the CellPhect Transfection kit (Amersham Biosciences). The expression of the reporter gene EGFP was monitored using a Leica DMIL inverted fluorescence microscope (Leica Microsystems). At time points indicated, culture supernatant was collected and virus release (particle count) was analyzed using the IDEIA Adenovirus ELISA kit (DakoCytomation).
DNA Constructs
Ad5.R1-scTCR adenoviral DNA was generated as described (18) . Briefly, recombinant fiber genes were constructed using methods based on ligation, PCR, and splicing by overlap extension. The gene encoding the Ad5 wild-type (WT) fiber was obtained from pAB26 (Microbix, Inc.) by PCR introducing an upstream BamHI and downstream XhoI site, respectively. The knob domain in recombinant fibers was deleted and replaced by a 36-amino acid extrinsic trimerization motif derived from the neck region peptide (NRP) of human lung surfactant protein D (18) . The NRP sequence followed by a linker sequence from Staphylococcus protein A was ligated to the COOH-terminal end of fiber shaft with one repeat and named R1, and the scTCR VaVhCh was added to the COOH-terminal end of the Staph-A linker. The resulting R1-scTCR fiber was then cloned into a fiberless Ad5 genome as described (18) .
Retroviral vectors encoding the HLA-A1 gene, MAGE-A1 complete cDNA, or MAGE-A1 minigene (encoding the 9-amino acid antigenic epitope EADPTGHSY) were generated as follows: HLA-A1 and MAGE-A1 cDNA cloned in pCDNA-3 (a kind gift from Pierre van der Bruggen, Ludwig Institute for Cancer Research, Brussels, Belgium) were reamplified to introduce NcoI and XhoI sites and cloned into the retroviral vector pBullet. The MAGE-A1 minigene was introduced into a version of pBullet that contains a signal sequence from the G250 antibody heavy chain (27) by ligation of a small linker encoding the MAGE-A1 minigene next to the signal sequence.
To construct the membrane-bound adenovirus-specific receptor (AdR), first an scFv was generated from the hexon-specific hybridoma 2Hx-2 (American Type Culture Collection). In short, RNA isolated from the 2Hx-2 hybridoma was reverse transcribed using SuperScript II (Invitrogen) and amplified using Ig variable heavy and variable light chain primers (Amersham scFv module, Amersham Biotech). The variable heavy and variable light chain DNA fragments were then reamplified to fuse them together by introducing a linker sequence between the two fragments and to introduce SfiI and NotI restriction sites. The resulting scFv was then introduced into the retroviral expression cassette pBullet-CD4g, and pBullet-cMyc/~, which allows for membrane expression of the scFv (27, 28) .
Generation of the Recombinant Virus
293T-AdR cells were transfected with Pac I-digested recombinant adenovirus plasmid (Ad5.R1-scTCR), and after 3 days, culture supernatant was harvested and used immediately for infection or further analysis. Adenovirus particle count (semiquantitative) was determined by IDEIA Adenovirus ELISA kit. Infectious adenovirus particle number [multiplicity of infection (MOI)] was determined by the Adeno-X Rapid titer kit (BD Clontech) on 293T-AdR cells.
Analysis of Adenoviral Particles
Electron microscopy. For electron microscopy, MZ2-mel 3.0 cells were fixed in 1.5% glutaraldehyde in 0.1 mol/L cacodylate buffer for 1 h at room temperature, postfixed in 1% OsO 4 in the same buffer for 1 h at 4jC, dehydrated in a graded ethanol series, and embedded in epon. Ultrathin sections were poststained with uranyl acetate and lead citrate and viewed with a Tecnai 12 electron microscope at 80 kV (FEI).
Flow cytometry. Supernatant derived from Ad5.R1-scTCR-producing 293T-AdR cells (12.5 mL containing 10 8 particles/mL) was incubated overnight with magnetic beads (Dynal Biotech ASA) that were loaded with in vitro-generated HLA-A1 complexes (1 Ag total) presenting the MAGE-A1 nonapeptide (EADPTGHSY) or an irrelevant peptide derived from influenza virus A nucleoprotein (CTELKLSDY). After three wash steps with PBS, the beads were incubated with a saturating concentration of anti-hexon FITC monoclonal antibody (mAb) and incubated for 30 min at 4jC. Specific binding of Ad5.R1-scTCR virus to the beads was then analyzed by flow cytometry on a Cytomics FC-500 flow cytometer (Beckman Coulter).
Western blotting. Ad5.R1-scTCR virus bound to the HLA-A1/MAGE-A1-coated magnetic beads was eluted from the beads by addition of highaffinity Fab fragments that specifically bind to HLA-A1/MAGE-A1 (15 min at room temperature, 39 Ag total in 1 mL PBS; ref. 29) . Excess high-affinity Fab fragments were then removed by addition of Ni-NTA agarose (Qiagen) that binds to the 6Â His tag present in the Fab fragment. Purified Ad5.R1-scTCR virus was then separated on SDS-PAGE, immobilized on a nitrocellulose membrane, and detected with fiber tail-specific mAb (4D2).
Detection of Adenoviral Infection
Flow cytometry of infected cells. One million cells were infected at indicated virus particle-to-cell ratios using virus supernatant diluted in DMEM supplemented with 10% FBS for 2 h at 37jC/5% CO 2 . After infection, cells were seeded in six-well plates. Cells were harvested 2 days after infection by scraping, after which they were spinned and permeabilized in FACSPerm2 solution (Becton Dickinson). Following a PBS wash, cells were incubated in the presence of FITC-hexon mAb (1:10 dilution) for 30 min at room temperature in the dark, washed again, and analyzed on a Cytomics FC-500 flow cytometer.
Methylene blue staining of infected cells. Half a million cells were infected using virus supernatant as described above. After infection, cells were seeded in gelatin-coated (0.1% gelatin in PBS) six-well plates in the presence of 2 mL 1.25% agar in DMEM culture medium. Cells were stained with methylene blue 5 days (after infection) and photographed (LEICA DMIL inverted microscope).
Expression and localization of adenoviral proteins. A quarter of a million cells were infected using virus supernatant (at virus particle-to-cell ratio of 50) as described above. After infection, cells were seeded in 24-well plates and cultured for the indicated times. Cells were carefully washed with PBS and fixed with a 1:1 solution of ice-cold methanol and acetone for 10 min on ice. After repeated washing steps with PBS, cells were blocked using 1% bovine serum albumin in PBS for 30 min at room temperature. Cells were then shortly air dried and stained with primary and secondary antibodies (diluted in blocking buffer). Kinetics of expression and cellular localization of fluorescently labeled adenoviral proteins were monitored (LEICA DMIL inverted fluorescence microscope).
Results
Construction of a replication-competent adenovirus with HLA-A1/MAGE-A1 specificity. A knobless fiber containing fiber tail plus NH 2 -terminal first shaft repeat (R1, 61 amino acids), an extrinsic trimerization motif (NRP, 36 amino acids) from lung surfactant protein D, a linker derived from Staphylococcus protein A (13 amino acids), and scTCR VaVhCh (377 amino acids), specific for the melanoma antigen MAGE-A1, presented by HLA-A1 (which replaced the natural fiber knob), was constructed ( Fig. 1) and introduced into replication-competent adenovirus serotype 5 essentially as described (17, 18) . To construct the scTCR, TCR a and h chains were cloned from an HLA-A1-restricted, MAGE-A1-specific CTL clone, MZ2-82/30, and reformatted into the scTCR VaVhCh as described (30) . Specific binding of the scTCR was verified by expression on primary human T lymphocytes, which showed scTCR-directed immune functions such as specific tumor cell kill and cytokine production. The apparent molecular weight of the R1-scTCR fiber (54 kDa) is similar to that of the WT Ad5 fiber (59 kDa).
Generation of 293T-AdR cells to propagate fiber-modified adenoviruses. As a consequence of ablating the natural tropism, we expected that recombinant Ad5-scTCR virus would require the presence of its target antigen, HLA-A1/MAGE-A1, on the surface of the producer cell line for the primary attachment and entry. Therefore, we generated 293T cells expressing the HLA-A1/MAGE-A1 antigen. 293T cells were infected with retroviral vectors pBullet HLA-A1 and pBullet MAGE-A1 ( full-length cDNA and minigene). Next to these antigen + 293T cells, we also used MZ2-mel 3.0 melanoma cells, which naturally present MAGE-A1 in the context of HLA-A1. Neither the antigen-transduced 293T cells nor MZ2-mel 3.0 cells were able to initiate production of the recombinant virus starting with transfection of the adenoviral DNA (data not shown).
To support initiation of viral production and propagation of fibermodified adenoviruses that depend neither on CAR nor on MAGE-A1/HLA-A1 antigen (or any ligands of interest for that matter), we generated a novel producer cell line based on the introduction of an adenovirus-binding antibody into 293T cells.
To this end, we constructed two membrane-anchored antiadenovirus receptors, AdR and AdR-cMyc/~, from hybridoma cells producing a hexon-specific antibody ( Fig. 2A) that cross-reacts with many adenovirus subtypes and introduced it via retroviral transduction into 293T cells. Due to a lack of antibodies binding to the scFv directly, demonstration of cell surface expression of the anti-adenovirus receptors on 293T cells was only possible for AdRcMyc/~using anti-c-Myc mAb (Fig. 2B) .
The ability of AdR and AdR-cMyc/~to serve as universal receptors for Ad5 was analyzed in 293T cells. 293T cells with AdR, termed 293T-AdR, 293T cells with AdR-cMyc/~, termed 293T-AdRcMyc/~, or parental 293T cells were transfected with a fiberless Ad5 vector encoding the EGFP gene. We observed a severely impaired propagation of fiberless adenovirus in 293T cells in line with previous reports and most likely due to a lack of CAR-fiber knob interactions (21, 31) . We hypothesized that the presence of the AdR receptor would at least in part restore the ability of 293T cells to produce fiber-deleted viruses. As shown in Fig. 2C , on day 1 following transfection, the expression of EGFP was comparable in both 293T and 293T-AdR cells. The ratio of EGFP in normal 293T cells did not improve on day 2 or 3. However, in 293T-AdR cells, we observed a robust spread of the reporter gene together with cometlike formation that was most significant on day 3 after transfection. Production of virus particles in culture supernatant was confirmed by an adenovirus-specific ELISA (data not shown). When 293T cells were stably expressing the AdR-cMyc/~receptor, we also observed an increase in reporter gene expression and release of viral particles. However, the ability of 293T-AdR-cMyc/~to induce adenovirus production was significantly less than that of 293T-AdR cells (data not shown). We then introduced the Ad5.R1-scTCR construct into 293T-AdR cells and showed that, 3 days following transfection, virus was produced at a titer of 6 Â 10 7 particles/mL (= physical particles, determined by ELISA), starting from 3 Â 10 6 293T-AdR cells.
Ad5.R1-scTCR virus is produced, specifically binds to HLA-A1/MAGE-A1 complexes, and replicates in HLA-A1 + /MAGE-A1 + tumor cells. To show production, specific binding to peptide/MHC complexes, and fiber incorporation of adenoviral particles that incorporate the chimeric R1-scTCR fiber, we did the following experiments: (a) electron microscopy, to show presence of viral particles in MZ2-mel 3.0 cells (Fig. 3A) ; (b) flow cytometry analysis of HLA-A1/MAGE-A1-specific binding of Ad5-R1-scTCR (Fig. 3B ) ; (c) Western blot analysis, to show incorporation of the R1-scTCR fiber (Fig. 3C) ; and (d) ELISA, to show production of Ad5.R1-scTCR in 293T AdR and MZ2-mel 3.0 cells.
To show production of Ad5.R1-scTCR particles, MZ-2-mel 3.0 cells were infected with viral supernatant and analyzed by electron microscopy. Figure 3A shows the presence of viral particles in the nucleus of MZ2-mel 3.0 cells 72 h after infection.
To show specific binding to HLA-A1/MAGE-A1, supernatant from 293T-AdR cells producing Ad5-R1-scTCR was incubated with magnetic beads that were loaded with HLA-A1/MAGE-A1 complexes or HLA-A1 complexes that present an irrelevant peptide derived from influenza virus A nucleoprotein. As shown, Ad5.R1-scTCR virus only bound to HLA-A1/MAGE-A1 complexes and not to HLA-A1 complexes presenting an irrelevant influenza virus peptide (Fig. 3B) .
Ad5.R1-scTCR virus bound to HLA-A1/MAGE-A1-coated magnetic beads was then analyzed by Western blotting using fiber tail-specific mAb 4D2. As shown in Fig. 3C , chimeric scTCR fibers were incorporated into adenoviral particles.
To determine whether Ad5.R1-scTCR virus is able to infect HLA-A1 + /MAGE-A1 + tumor cells, we incubated MZ2-mel 3.0 melanoma cells with supernatant obtained from 293T AdR cells transfected with either Ad5.WT or Ad5.R1-scTCR DNA. MZ2-mel 3.0 cells lack CAR expression (Table 1) , making them refractory to infection by WT virus. As shown in Fig. 3D , Ad5.R1-scTCR virus produced by 293T AdR cells infected MZ2-mel 3.0 cells and was able to replicate TCR-Redirected Tumor-Specific Adenovirus www.aacrjournals.org in these cells, shown by the presence of viral particles in the tissue culture supernatant 3 days after infection. In contrast, WT virus at comparable virus particle-to-cell ratio did not result in adenoviral infection.
Cellular localization of Ad5.R1-scTCR epitopes during replication. It has been suggested that only those recombinant fibers that assemble correctly in the nucleus may be incorporated into an infectious adenoviral particle (24) . To analyze intracellular localization of adenoviral proteins, we infected MZ2-mel 3.0 cells with Ad5.R1-scTCR and did intracellular immunofluorescent staining with mAbs specific for hexon, fiber tail, and scTCR. Hexon and fiber tail molecules showed a comparable cellular distribution, localized almost exclusively to the nucleus 24 h after infection (Fig. 4, top) . Interestingly, at that time point, hexon molecules were detected in the cytoplasm to some extent, whereas fiber molecules were not. In control experiments, we observed that adenoviruses displaying WT fiber showed similar cellular localization of hexon and fiber tail (data not shown). In contrast, staining for the R1-scTCR fiber with the anti-TCR-specific antibody did not result in any detectable fluorescent signal at 24 h after infection (Fig. 4, top) .
Localization of both hexon and fiber proteins changed at 72 h after infection from a prominent nuclear localization to accumulation at the cell periphery, most likely at the plasma membrane. At this stage of replication, presumably on virus release, R1-scTCR could be detected with anti-TCR antibody and also located to the plasma membrane or to its proximity, indicating an identical cellular compartmentalization of hexon, fiber tail, and scTCR (Fig. 4, bottom) .
Infection by Ad5.R1-scTCR is epitope specific. Specificity of infection of Ad5.R1-scTCR was analyzed by infecting the melanoma cells: MZ2- . Also included were 293T and 293T-AdR cells. Target cells were infected at different virus particle-to-cell ratios and monitoring the production of hexon protein at 2 days after infection. In this assay, cells expressing the hexon molecule represent infected cells and constitute an indirect readout for viral titers as an alternative to plaque assay. As shown in Fig. 5 , Ad5.R1-scTCR virus reached maximum infectivity at f20 virus particle-tocell ratio when infecting antigen + MZ2-mel 3.0 cells and 293T-AdR, approximately corresponding to a MOI of 4. When using antigen À MZ2-mel 2.2 cells, Ad5.R1-scTCR infectivity remained low even at high virus particle-to-cell ratio and showed a similar titration curve when using 293T cells. Specificity studies were expanded by the use of a larger panel of target cells, including the following melanoma cell lines: MZ2-mel 3.0; 9303-A; 518-A2; MZ2-mel 2.2, a MAGE-A1 antigen lost mutant obtained from MZ2-mel 3.0; MEL.2A; and FM-3. We also included Nemeth renal cell carcinoma cell lines and the 293T cells. Five days after infection, surviving tumor cells were stained with methylene blue. HLA-A1/MAGE-A1 expression as well as infectivity data of all target cells are summarized in Table 1 . As shown in Table 1 only HLA-A1 + /MAGE-A1 + melanoma cells were infected.
Discussion
Our aim of this study was to provide oncolytic adenoviral vectors with a truly tumor cell specificity to improve safety and efficacy, which are major criteria for the clinical use of replicating vectors. TCR recognizing MHC-restricted cancer-testis antigens, such as MAGE-A1, which are distributed in a highly tumor tissue-specific manner, may constitute promising molecules to retarget adenoviruses. This study shows for the first time that even complex molecules such as TCR can genetically replace the fiber knob and be expressed on the adenoviral fiber, thereby ablating its natural tropism. The Ad5 fiber knob was replaced by an extrinsic trimerization motif and an HLA-A1/MAGE-A1-specific scTCR. Critical to the experimental use of this recombinant adenovirus was the generation of a novel producer cell line, 293T-AdR, which was successfully used to initiate production, starting by transfection with adenoviral DNA, and supported propagation of adenovirus, which depended neither on CAR nor on HLA-A1/ MAGE-A1. Our failure to use 293T expressing the HLA-A1 and MAGE-A1 cDNA for the initiation of adenovirus production was most likely attributed to unstable expression of the HLA-A1 gene. Within 3 days after infection with retrovirus encoding the HLA-A1 gene, HLA-A1 molecules disappeared from the cell surface, resulting in lack of MAGE-A1 antigen presentation to the chimeric fibers (data not shown). There may be more reasons why we were unable to initiate adenovirus production in MZ2-mel 3.0 cells. In general, the production of adenovirus after DNA transfection is inefficient because plasmid DNA does not contain the protein binding to the viral inverted terminal repeats and therefore requires several rounds of amplification (32) . When DNA transfection efficiencies become limiting, as might be the case when using MZ2-mel 3.0 cells, low numbers of virus-producing cells may result in undetectable levels of virus even after serial amplification. In addition, MZ2-mel 3.0 cells may produce lower numbers of viral particles than, for example, 293 cells.
Importantly, the retargeted viruses specifically bound to relevant HLA-A1/MAGE-A1 complexes only (Fig. 3B) , specifically infected target cells expressing HLA-A1-restricted MAGE-A1 antigen ( Fig. 5 ; Table 1 ), and killed these melanoma cells.
The initiation of production when starting from recombinant Ad5 DNA seemed to be a critical step during propagation. As a consequence of ablation of native Ad5 tropism, the recombinant Ad5.R1-scTCR is not able to use the natural CAR-mediated cellular entry pathway during propagation in conventional packaging cell lines, such as 293 or 911. Although there are reports on possible solutions to overcome the limitations of fibermodified adenoviral vector production (31, 33) , there is no precedent on virus retargeting via complex molecules, such as TCR or Igs, and an alternative strategy had to be developed. A major factor that can hamper genetic retargeting of adenoviral vectors, especially when including complex molecules into the viral genome, is the proper folding of these new molecules in the nucleus. According to Pecorari et al. (34) , the formation of intrachain disulfide bridges, which are crucial for the correct folding and stability of IgG or TCR, is suboptimal in the reducing environment of the cytoplasm and nucleus. One could address this issue by using small molecules, such as affibodies, which possess the binding properties of an antibody but do not require intrachain disulfide bounds (16). Magnusson et al. (18) reported that, although the scTCR fiber was able to form homotrimers and bound its ligand, the recombinant fiber protein misfolded, thereby possibly explaining the unsuccessful propagation of Ad5.R1-scTCR in MZ2-mel 3.0 melanoma cells. However, our studies on scTCR fiber expression suggest that at the proximity to the cell membrane (Fig. 4, bottom) proper folding of the scTCR fiber occurs, resulting in exposure of a fully functional scTCR fiber on the virus particle. We assume that at this stage of virus assembly restricting intracellular conditions no longer limits the formation of sulfide bridges. Furthermore, we now also succeeded in the initiation of production of two other recombinant viruses, one with a scTCR fiber and a virus equipped with an affibody fiber (data not shown), which shows the universal applicability of this production system. These findings open new and safer strategies for cell-specific retargeting of oncolytic adenoviruses, providing a versatile tool for future clinical application. 
